We introduce a fluxonic metamaterial on the basis of nanopatterned superconducting Nb microstrips and employ it for modulation and synthesis of quantized loss levels in the lower GHz range by a sine-wave quasistatic ac drive. The nanopatterns are uniaxial nanogrooves with identical and different slope steepness, which induce a pinning potential of the washboard type for Abrikosov vortices. For the fundamental matching field, when the location of vortex rows geometrically matches the nanogrooves, the following effects are observed: The forward transmission coefficient S 21 (f ) of the microstrips can be controllably modulated within a range of about 3 dB by the ac current. For the sample with symmetric grooves, depending on the choice of the operation point in the current-voltage curve, the shape and the duty cycle of the output signal can be tuned. For the sample with asymmetric grooves, depending on the ac amplitude, a sine-to-triangular or a sine-to-rectangular pulse shape conversion is observed. The possibility of synthesizing quantized loss levels by a serial connection of the two samples with different nanopatterns is exemplified and can be used for the development of multilevel excess-loss-based fluxonic devices.
Superconducting planar transmission lines (SPTLs) with artificial pinning sites offer various possibilities for fundamental research [1] [2] [3] [4] [5] [6] and emerging microwave (mw) functionalities [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Examples include circuits for quantum electrodynamics 7, 8 and information processing 9 , superconducting qubits 10 , resonators [11] [12] [13] , and various Abrikosov fluxonic devices 2, 4, 14, 15 . The applicabilities of nanopatterned superconductors in passive and active mw devices is determined by the nonlinear vortex dynamics, whereby the crucial role for tailoring the electrical resistance and the mw loss therein is played by the distribution of the pinning sites 17 .
In the last decade, one of the most intensively addressed research lines has been the investigation of the vortex dynamics in the presence of ratchet pinning landscapes 1, 16, [18] [19] [20] .
These landscapes are characterized by an asymmetry of the pinning potential, that leads to the appearance of a rectified voltage in response to an ac drive. A further tendency in vortex matter research consists in a special interest to studying the vortex dynamics in the regime of GHz frequencies. Namely, from the viewpoint of basic research a few fundamental questions relate to the elucidation of the flux transport mechanisms at microwaves 3 and the phenomenon of microwave-stimulated superconductivity 5, 21 . From the viewpoint of the development of applications, new functionalities have been reported due to vortex lattice matching effects 15, 22 and the ability to reduce the depinning frequency [23] [24] [25] [26] by a superimposed dc bias 15 . The notion depinning frequency, f d , was introduced by Gittleman and Rosenblum in Ref. 23 who observed that (i) the vortex response is weakly dissipative at low frequencies when the vortices are driven over many pinning sites and it is strongly dissipative at high frequencies when the vortices are each oscillating within one pinning well; (ii) the crossover between these two states can be described on the basis of a mechanistic equation of motion for a single vortex. Accordingly, the depinning frequency has been the key parameter in the theoretical description of the localization transition in the vortex dynamics in the radiofrequency and microwave range ever since 18, 23, 24, [26] [27] [28] [29] [30] [31] . For periodic pinning landscapes it has also been shown by computer simulations 6 that for the fundamental matching configuration the vortex-vortex interaction is effectively cancelled so that the dynamics of the entire vortex ensemble can be regarded as that of the single average vortex in the mean pinning potential. Recently, it was reported 32 that subterahertz transmission of a superconducting metamaterial can be modulated by passing electrical current through it. Quantum metamaterials comprised of networks of superconducting qubits based on Josephson junctions are also used for exploring quantum effects in metaatoms 33 . Here, we show that in nanopatterned SPTLs the losses due to Abrikosov vortices in the lower GHz range can be modulated and tailored by using an ac transport current, thus allowing SPTLs to enrich the large family of artificial media 34 by the class of fluxonic metamaterials. Fig. 1(b) , ∆S 21 (f ) has a smooth step-like functional shape, as shown in Fig.   1(b) . One of the key observations of that work was that the depinning frequency defined at the −3 dB excess loss level is shifted towards low frequencies upon increasing the dc bias value. The frequency dependence of the mw loss in both microstrips was fitted well to the phenomenological expression
with the exponent n = 2 for dc biases j not very close to the depinning current j d and for the subsequent presentation is that the depinning frequency of the microstrip with an asymmetric pinning landscape depends not only on the dc bias value but also on its polarity.
Here, we superimpose a low-frequency (3 Hz) ac current on the mw stimulus and provide evidence that the ac drive can be straightforwardly used for the modulation and synthesis of the mw excess loss levels by vortices. The samples are the same as in Ref. 
Combined broadband mw and dc electrical resistance measurements were done in a 4 He cryostat with a custom-made sample probe 38 at the temperature T = 2.65 K ≈ 0.3T c for both samples. The mw signal was fed to the sample through coaxial cables from an Agilent E5071C vector network analyzer (VNA, 300 KHz -14 GHz). The quasistatic ac current was superimposed and uncoupled by using two bias-tees mounted at the VNA ports. For all frequencies, the mw excitation power at the sample is P = −20 dBm (10 µW) as kept by the VNA in accordance with the pre-saved calibration data. In the absence of ac current, at H = For a dc current of one and the same polarity the respective modification of a symmetric potential was reported in 31 .
In the next experiment with quasistatic ac current j ≡ j(t) = j sin ωt with ω = 2π/t f we consider three different regimes depending on the relation of the ac amplitude to the depinning currents for each sample, as denoted by the horizontal lines in the bottom parts of Fig. 2(a) and (b) . Namely, these regimes correspond to the case of subcritical j/j d = 0.5, critical j/j d = 1 and overcritical j/j d = 1.5 current for sample S, see regimes (1), (2) and (3) in Fig. 2(a) and the respective tilts of the pinning potential in Fig. 2(c) . To present only the qualitatively different and most interesting regimes for sample A, in Fig. 2(b) and (d) we consider the case j/j d = 0.5 as representative for subdepinning currents for both CVC branches, j/j d = 0.65 corresponding to the weak-slope depinning current in the positive CVC branch, and the case j/j d = 1.55 corresponding to the strong-slope depinning current in the negative CVC branch, curves (1)- (3) in Fig. 2(b) and (d), respectively. We also underline that the ratchet window of the system ensue for the current range |j
. For both samples, the depinning current density is defined as j d = (j The modulation patterns for sample A are substantially different. Namely, in regime (1) in Fig. 2 (b) the depinning frequency is modulated during the positive ac halfwave only, whereas it remains constant during the negative ac halfperiod, see Fig. 4(b) . In consequence of this, the excess loss ∆S 21 (t) is observed during the positive ac halfwaves and is absent during the negative one. Interestingly, the time dependence of ∆S 21 (t), where it is non-constant, has a nearly-triangular, saw-tooth form, i. e., a sine-to-triangular pulse form conversion takes place. We attribute this effect to the particular form of the pinning potential induced by the asymmetric landscape in sample A. When the weak-slope depinning current is reached in regime (2) in Fig. 2(b) , the depinning frequency is suppressed to its minimal value during the positive ac halfwave and remains constant during the negative ac halfwave, see Fig. 4 (e). It is worth noting that the shape of the ∆S 21 (t) curve in this case is nearly rectangular, that is a sine-to-rectangular pulse form conversion takes place. It is this regime which represents the microwave loss analogue of the ratchet effect that is well known for the dc voltage 1 . Finally, in the regime of strong-slope critical drive in Fig. 4(i) , the excess loss ∆S 21 (t) combines the features of the two previous regimes for the positive and negative ac halfwaves. Hence, microstrip A demonstrates a signature of a waveform synthesizer which will be examined in a control experiment described in the last but one paragraph.
Given the adiabatic current j = j cos 2πt/t f and Eq. (1) for the relation between the mw loss and the depinning frequency, the time dependences ∆S 21 (t, f = f d ) allow one to approximate the reduction of the depinning frequency for both CVC branches in Fig. 2(a) for sample S by the following expression:
At the same time, for the gentle-slope direction of the asymmetric potential of sample A [positive CVC branch in Fig. 2(b) ], probed by the positive halfwave of the ac current, the fit reads
while for its steep-slope direction [negative CVC branch in Fig. 2(b) ], probed by the positive halfwave of the ac current, the dependence reads
The dependences by Eqs. (2)- (4) 
